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Electronic Raman scattering with in and out of (ab) plane polarizations have been performed
on HgBa2Ca2Cu3O8+δ in a slightly underdoped single crystal with a critical temperature Tc=122
K. We find that the d-wave pairing gap at the antinodes is higher in energy (14 kBTc) than in
other cuprates and that it varies very slowly up to Tc. This hints at a strong coupling nature of
the pairing mechanism. Interestingly, we reveal that the pairing-gap feature in the Raman response
displays a complex peak-dip-hump structure, in a fashion reminiscent of what observed by angle
resolved photo-emission spectroscopy in Bi2Sr2CaCu2O8+δ (Bi-2212). We detect two other distinct
superconducting peaks at ≈ 5kBTc and ≈ 7kBTc when probing respectively around the nodes and
on the whole Fermi surface. Finally we establish that the pairing gap at the antinodes is detected
both for (ab) plane and for c-axis light polarizations. This shows that the quasiparticle dynamics
along the c-axis is intimately connected to the antinodal one in the (ab) plane.
PACS numbers: 74.72.Gh,74.25.nd,74.20.Rp
I. INTRODUCTION
The discovery of the three-copper-oxide-layer com-
pound HgBa2Ca2Cu3O8+δ (Hg-1223) by A. Schilling et
al.[1] in 1993 was a breakthrough in the quest of high crit-
ical temperature superconductors. Indeed, the Hg-1223
cuprate exhibits a critical temperature Tc of 135 K at am-
bient pressure, i.e. 40 K higher than Tc of YBa2Cu3O7−δ,
and up to 164 K under 30 GPa pressure[2]. However very
few spectroscopic studies have been carried out on this
material [3–12] due to the difficulty to grow large enough
single crystals with high optical quality surface. Working
on the highest-Tc cuprate superconductor could therefore
give us the chance to understand what gives rise to such
a high Tc. Although the earlier Raman measurements
on Hg-1223 suggested a multicomponent anisotropic su-
perconducting (SC) gap (with two distinct gap maxima)
[8, 9, 13], it turned out that the experimental findings
were more appropriately described by a d-wave pairing
gap [10–12]. The d-wave SC gap amplitude is expected
to be maximum near the principal axes of the Brillouin
zones ((±pi, 0) and (0,±pi)), called the anti-nodal regions,
while it is expected to vanish near the diagonal of the
Brillouin zone (±pi/2,±pi/2), called the nodal regions
[14, 15].
Here we present new electronic Raman scattering stud-
ies on Hg-1223, which greatly improve our previous re-
sults (fifteen years ago) [5, 8, 9, 11] by investigating the
Raman spectra over a significantly wider energy range
and revealing spectral features previously overlooked.
We have performed both in and out of plane polarization
Raman study on slightly under-doped Hg-1223 (Tc=122
K). In the (ab) plane we focus on the B1g , B2g and
A1g symmetries, which allow us to probe respectively the
anti-nodal region, the nodal region and the whole Bril-
louin zone in the (kx, ky) plane. We find that the max-
imum amplitude of the pairing gap was underestimated
in our previous work [5, 8, 9, 11], resulting much higher
in energy at 1135 cm−1 (14 kBTc) instead of 800 cm−1
(9 kBTc).
We reveal a weakly temperature-dependence of the
pairing gap 2∆ on a large temperature-range up to Tc.
We also show that the pairing gap is associated with a
peak-dip-hump structure in the Raman response, simi-
larly to what observed by angle resolved photo-emission
spectroscopy (ARPES) in Bi-2212 [16, 17]. Moreover we
find two other distinct energy scales in B2g symmetry and
A1g symmetry which disappear above Tc. The energy
ratio between the B1g and B2g peaks is extremely high
≈ 2.6 in comparison with what we expect for a stan-
dard d-wave SC gap (≈ 1.3) [18]. Using light polariza-
tions along the c-axis we have also probed the A1g and
Eg symmetries. Interestingly, we detect in A1g symmetry
the same pairing peak at 1135 cm−1 as the one found in
the (ab) plane with the B1g symmetry. This shows that
the c-axis electronic properties and the antinodal ones
within the (ab) plane are tightly connected.
II. DETAILS OF THE EXPERIMENTAL
PROCEDURE
The measurements have been performed on slightly
underdoped (UD) Hg-1223 single crystal grown by a
single step synthesis [19]. The single crystal is a paral-
lelepiped with 0.9 × 0.9 mm2 cross section and thickness
0.2 mm (see inset of fig.1). The c-axis is normal to
the surface with the a-b plane directions 45◦ from the
two larger edges. In order to have high optical quality
surface, the sample has been polished using diamond
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2paste at 1/10 µm. Dc magnetization measurements
under field cooling (FC) and zero field cooling (ZFC)
are displayed in fig.1. The Tc onset is estimated at 122
K with a middle transition at 117 K. The diamagnetic
transition width is ≈ 6K. The relatively large transition
width might reflect slightly doping inhomogeneity [20].
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FIG. 1. Zero field cooling and field cooling magnetizations of
under-doped Hg-1223. The applied magnetic field is perpen-
dicular to the (ab) plane and its magnitude is of ≈ 20 Gauss.
The black and grey arrows indicate respectively the Tc onset
and the middle of the transition.
Raman experiments have been carried out using a JY-
T64000 spectrometer in single grating configuration us-
ing a 600 grooves/mm grating and a Thorlabs NF533-
17 notch filter to block the stray light. The spectrom-
eter is equiped with a nitrogen cooled back illuminated
2048x512 CCD detector. We use the 532 nm excitation
line from a diode pump solid state with laser power main-
tained at 4 mW. Measurements between 10 and 290 K
have been performed using an ARS closed-cycle He cryo-
stat. This configuration allows us to cover a wide spec-
tral range (90 cm−1 to 4700 cm−1) with a resolution sets
at 5 cm−1. The complete spectrum for B1g symmetry
is a recombination of three frames centered at different
energies. Spectra for other symmetries have been ob-
tained in one frame. Each frame is repeated twice to
eliminate cosmic spikes and acquisition time ranged from
5 to 15 minutes. For comparison, in our initial study
[8, 9, 11] we took almost a day to acquire a spectrum up
to 1000 cm−1. All the spectra have been corrected for
the Bose factor and the instrumental spectral response.
They are thus proportional to the imaginary part of the
Raman response function χ′′(ω, T ). Two sets of exper-
imental configurations have been used. In the first set-
up the direction of incident electric field is contained in
the (ab) plane. The B1g and A1g+B2g geometries are
obtained from crossed and parallel polarizations, respec-
tively, along the Cu-O bond directions. Then, the crystal
is rotated by 45◦ using a Attocube piezo-rotator ANR 101
to obtain the B2g and A1g+B1g geometries from crossed
and parallel polarizations respectively. The A1g , B1g and
B2g symmetries are related to the x and y-components of
the Raman susceptibility tensor. In the second set-up,
the direction of the incident electric field is out of the
(ab) plane (along the c-axis). This gives access to the
A1g and Eg symmetries related to the z and x compo-
nents of the Raman susceptibility tensor.
III. EXPERIMENTAL RESULTS
In fig.2(a) is displayed the temperature dependence of
the B1g Raman response χ
′′
B1g
(ω, T ) of the UD Hg-1223
single crystal up to Tc= 122 K. We clearly observe
the superconducting gap which manifests itself as a
relatively sharp quasiparticle pair breaking peak at
2∆ ≈ 1135 cm−1 and with a full width at half maximum
of ≈ 150 cm−1 (see inset). The pairing-gap peak growth
with decreasing T , from the normal to the supercon-
ducting state, is associated with the redistribution of
the low energy electronic background from below to
above ≈ 800 cm−1. Interestingly, the pair breaking peak
in the SC state is followed by a dip in the electronic
continuum around 1600 cm−1 and a broader hump. The
normal (122 K) and superconducting (13 K) electronic
background finally merge near 2500 cm−1.
In fig.2 (b) we display the superconducting B1g Raman
responses versus temperature subtracted from the normal
one at Tc, χ
′′
B1g
(ω, T ) − χ′′B1g (ω, Tc). As the tempera-
ture decreases we clearly see the growth of the pairing-
gap peak at 1135 cm−1. Notice a weak bump around
800 cm−1 which was previously erroneously interpreted
as the 2∆ pairing peak [8, 9, 11]because of the short
frequency range (≈ 1000 cm−1) available. Above the
pairing gap we detect a dip at 1577 cm−1 and a hump
in the electronic background around 2500 cm−1. The
dip developps immediately below Tc as the pairing peak
starts to grow. We find ωdip/2∆ ≈ 1.4. This structure
has to be compared to the peak-dip-hump reported by
ARPES in the spectral function of Bi-2212 at (0,pi) point
[16, 17, 21, 22]. Although the electron Raman scattering
is a two particles probe and ARPES is a single particle
probe, both techniques may be revealing the same elec-
tronic structure. The peak-dip-hump structure observed
in Bi-2212 by ARPES is still a matter of debate. Is it
due to an electronic band structure effect or a collective
mode ? [23]. The question is still open. It was first
interpreted as a bosonic mode due to the coupling be-
tween spin fluctuations and electrons [24] and theoretical
Raman investigations suggested that the predominantly
linear low frequency dependence of the B1g Raman re-
sponse (see fig.2 (a)) and the dip just above the pairing
peak hinted at a strong fermionic interaction with spin
fluctuations [25]. These features deserve future deeper
investigations.
The temperature dependence of the SC pairing gap is
displayed in fig.2(c). The critical temperature is suffi-
ciently high to give us an accurate estimate of the the
pairing gap energy versus temperature. It appears that
the temperature evolution of the pairing gap significantly
differs from the one expected for a d−wave superconduct-
ing gap at the antinodes in a weak coupling limit[26].
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FIG. 2. (a) Temperature dependence of the B1g Raman Re-
sponse up to Tc for the under-doped Hg-1223 single crys-
tal (Tc = 122K). The 2∆ pairing peak is detected at
≈ 1135 cm−1. (b) Subtraction of the B1g Raman Responses
from the one at Tc = 122K. A peak -dip-hump structure can
be observed. (c) Temperature dependence of the pairing gap
detected in B1g and A1g symmetries. Its energy remains al-
most constant up to Tc for both symmetries. The dashed and
dotted lines correspond respectively to the temperature evo-
lution of a d-wave gap in a weak coupling limit and an order
parameter for charge lattice bosons calculation (see text).
The trapezoidal shape is more relevant with a model of
charge lattice bosons justified in the strong coupling and
short coherence length limit [27–29]. Such a behavior for
the SC gap was also reported by Raman scattering in
one and two-copper-oxide-layer compounds slightly un-
derdoped [30, 31]. At low temperature (13 K) we esti-
mate the pairing gap at 14 kBTc much higher than 4.28
kBTc expected in the weak coupling limit. This hints at
a strong coupling nature for the pairing state. Our find-
ings about the pairing gap energy are in agreement with
earlier tunneling and optical measurements on Hg-1223
compounds [10, 12]. In tunneling, the gap for an opti-
mally doped Hg-1223 was estimated close to ∼ 13 kBTc
and a d-wave gap was successfully considered for inter-
preting the data. In optical conductivity, the pairing gap
deduced from the scattering rate was estimated of about
1100 cm−1 i.e ∼ 13 kBTc.
In fig.3 are reported the Raman spectra obtained from
light polarizations in the (ab) plane. The temperature
dependencies of the Raman responses χ′′ν(ω, T ) for ν =
B1g, B2g, A1g +B1g, A1g +B2g symmetries are displayed
up to Tc. The Raman spectra in B1g and B2g symmetries
(panels (a) and (b)) are free of phonon structures. This
allows us to study the electronic background in a reliable
way. In the A1g+B1g and A1g+B2g spectra (panel (c)
and (d)), we observe sharp intensive phonon lines at 256,
380 and 591 cm−1. A broader peak is detected at higher
energy close to 1180 cm−1 which might reflect a double
phonon structure stemming from the 591 cm−1 phonon
line.
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FIG. 3. Temperature dependencies of the Raman responses in
(a) B1g , (b) B2g , (c) A1g +B2g and (d) A1g +B1g symmetries
obtained from (ab) plane polarizations. The three distinct
energy scales can be respectively seen in B1g , B2g and A1g at
1135, 430 and 555 cm−1. The insets display the subtracted
Raman response between the superconducting (12 K) and the
normal (122 K) ones. The insets of panels (c) and (d) have
the same intensity scales to facilitate the comparison between
the strength of the dip in the electronic continuum.
Focusing on the electronic background we detect three
distinct electronic peaks in the SC state of Hg-1223 de-
pending on the symmetry. The peak at 1135 cm−1
detected in the B1g spectrum (panel (a)) has already
been assigned to the d-wave pairing gap (see above). In
B2g spectrum (panel (b)) we observe a broad electronic
peak at 430 cm−1, whose full width at half maximum
(FWHM) is ≈ 2.5 larger than the B1g peak (see inset),
and a small bump around 1135 cm−1. We can see that
the intensity of the B2g superconducting peak is stronger
than the B1g one. This has already been observed for
underdoped mercurate compounds [32]. The d-wave gap
amplitude is maximum at the antinodes (B1g symmetry)
while it vanishes at the nodes (B2g symmetry). There-
fore, as expected, the energy of the B1g peak is larger
than the B2g one. However the energy ratio between
the B1g and B2g peak energies is particularly high ≈ 2.6.
This is hard to reconcile with a d-wave SC gap which
develops on a full cylindrical Fermi surface as in this pic-
ture the ratio would be close to 1.3 [18]. A possible ex-
planation is to consider the formation of Fermi arcs [33],
with a quasiparticles spectral weight mostly concentrated
around the nodal regions. This can push the B2g peaks to
lower energy, as discussed in previous works [15, 34–37]
and explain such a high B1g /B2g energy ratio.
4In the A1g +B1g spectrum (panel (c)) we also observe
an intense SC electronic peak at 555 cm−1 (called the
A1g peak) whose FWHM is sharp enough (unlike the
B2g one) to track its temperature evolution (see fig. 2
(a)). It shifts slowly toward low energy as the temper-
atures raises in a similar way to the B1g pairing peak.
This hints that the A1g peak is connected to the 2∆
pairing peak. In other hole-doped cuprates such as
Bi-2212, the A1g peak exhibits the same doping depen-
dence than the B1g pairing peak [38]. These results sug-
gest that the A1g peak is likely connected to a collective
mode located below the 2∆- threshold of the particle-
hole continuum [39–42]. The A1g peak detected in the
A1g +B2g spectrum (fig.3(d)) has a FWHM much larger
than the one in the A1g +B1g spectrum (fig.3(c)). This
is due to the additional broadening stemming from the
B2g peak which is ≈ 2.5 larger than the one of the
B1g peak [43].
We have found in fig.2 (b) that the electronic back-
ground of the B1g spectrum exhibits in the SC state a dip
centered ≈ 1577 cm−1 just above the pairing gap. We
can now estimate (from the subtracted Raman responses
in fig.2 (b) and in the inset of fig.3 (b)) that the dip mag-
nitude is higher by a factor of 4 in the B1g spectrum in
comparison with the B2g one. The same effect in the dip
magnitude is also observed between the A1g +B1g and
A1g +B2g spectra. See for comparison insets of fig.3 (c)
and (d). This confirms that the dip is a characteristic
feature of the B1g Raman spectra and mainly relevant to
antinodal electronic properties as also noticed in Bi-2212
[23].
We finally turn to the Raman measurements with light
polarization perpendicular to the (ab) plane i.e: along
the c-axis. In fig.4 are displayed the Raman spectra in
A1g and Eg symmetries which correspond respectively to
parallel and crossed polarizations (cf. experimental pro-
cedures). In A1g symmetry (panels (a) and (b)), we de-
tect a huge phonon line at 585 cm−1 with a shoulder at
534 cm−1. These peaks are respectively assigned to the
vertical motions of the apex oxygen atoms in the BaO
plane and interstitial oxygen atoms in the HgO plane [5–
7, 13]. The very strong Raman activity of the 585 cm−1
mode can be explained by (i) the polarizability enhance-
ment due to the same direction of the atomic motions
and the electric field along the c-axis and (ii) the phonon
lifetime increasing along the c-axis due to the loss quasi-
particle spectral weight perpendicular to the (ab) plane.
Indeed the temperature dependence of the c-axis resis-
tivity exhibits a semiconductor like behavior unlike the
(ab) plane resistivity (which exhibits a metallic one) and
a strong anisotropy ρc ≈ 1000 ρab [44]. Although the
electronic continuum is weaker along the c-axis than in
the (ab) plane, we detect in A1g symmetry (panel (b))
a redistribution of the electronic background from low
to high energy and the growth of the pairing gap as the
temperature decreases below Tc . After subtracting the
A1g normal Raman response at 130 K from the supercon-
ducting one at 10 K, (see inset of panel (b)), we find a
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FIG. 4. Superconducting and normal Raman responses in (a,
b): A1g and (c): Eg symmetries obtained from c-axis polar-
izations
SC peak at 1135 cm−1, i.e. the same energy of the pair
breaking peak detected in B1g symmetry (see fig.3 (a)).
Probing the quasiparticles dynamics along the c-axis is
thus equivalent to probe the B1g quasi-particles dynam-
ics in the (ab) plane. This can be understood by noticing
that the square of the B1g Raman vertex (coskx−cosky)2
has the same symmetry as the c-axis hopping [45]. Our
results confirm the close relationship between the antin-
odal electronic properties in the (ab) plane and the c-axis
ones. In Eg symmetry (panel (c)) the subtraction of the
normal to the superconducting Raman responses reveals
a weak SC peak around 555 cm−1 close in energy to the
one already detected in A1g symmetry (see fig.3 (c)).
In conclusion, by performing electronic Raman scatter-
ing on Hg-1223 single crystal over a wide energy range
we reveal spectral features previously overlooked. We
succeeded to detect three distinct SC electronic peaks at
1135, 555 and 430 cm−1 respectively in the B1g , A1g and
B2g symmetries, obtained from in and out of plane po-
larizations. The 1135 cm−1 peak is assigned to the d-
wave pairing gap at the antinodes. Its huge energy value
≈ 14 kBTc and its weak temperature dependence below
Tc hints at a strong coupling pairing state. Remarkably
the 1135 cm−1 peak is also detected in A1g symmetry
along the c-axis which confirms the intimate connection
between the quasiparticles dynamics at the antinodes
within the (ab) plane and along the c-axis in the SC
state. Finally, we find that the 1135 cm−1 supercon-
ducting peak displays a peak-dip-hump structure in the
electronic background of the antinodal Raman spectrum
similar to the one detected by ARPES in Bi-2212. Iden-
tify its origin requires a more deeper study which will be
addressed in a near future.
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